Introduction

The geophysical problem
A seismic experiment starts with an artificial explosion at some point near the surface. Elastic waves propagate through the underground medium, eventually being reflected by interfaces between different media (see Figure 1 ). The reflected waves are measured at some points of the surface by some receptors recording the surface movement along time, called seismograms. The inverse problem then consists in determining the underground medium from the recorded seismograms.
For geophysical applications, the first subsurface parameter to be inverted for is the propagation velocity of compressional waves. Once this velocity field is known, classical depth imaging processes can be used A straightforward approach t o velocity model determination consists in defining an optimization problem: try to find an underground model such that the difference between modeled data and the data recorded in the field is minimal. For cost efficiency, the forward modeling can be approached by using an acoustic wave equation (as opposed to a fully elastodynamic wave equation). This optimization problem is known to be highly non-linear. A global optimization strategy is thus required to solve it.
Evolutionary approaches
A number of authors recently addressed seismic processing problems with EA techniques. In [17] , a genetic algorithm with multiple crossover locations is developed for the inversion of plane-wave seismogram; in this work, the underground is represented by a userdefined series of layers. In [ 3 ] , the 'pseudo-subspace' method for the inversion of geophysical data is proposed: the complexity of models is progressively increased, but following a user-defined evolution. 
Voronoi' rdpresentation
The underlying ypothesis in this paper is that the underground dom in is made of homogeneous regions, i.e. regions where he velocity is constant. Mathemat- 
VoronoY diagrams
Consider a finite number of points Vo, . . . , VN (the Voronoi' sites) of a given subset of R" (the design domain). To each site V, is associated the set of all points of the design domain for which the closest VoronoY site is V,, termed Voronoi' cell. The Voronoi' diagram is the partition of the design domain defined by the Voronoi cells (see Figure 2 -a). Each cell is a polyhedral subset of the design domain, and any partition of a domain of R" into polyhedral subsets is the Voronoi diagram of at least one set of Voronoi' sites. Note that this representation does not depend in any way on the discretization that will be used to compute the response of the model to wave propagation. Furthermore, Voronoi' diagrams being defined in any dimension, the extension of this representation t o R3 and Rn is straightforward.
The genotype
An important remark is that this representation presents a high degree of epistasis (the influence of one site on the physical shape is modulated by all neighbor sites). This will be discussed in more details in Section 3.4.
Evolution operators
In order to apply evolutionary algorithms to the Voronoi' representation, one needs to define some evolution operators, namely crossover and mutation operators.
The evolution operators on the real-valued Voronoi' representation are very similar to those defined on the boolean instances of Vorono? representations: the crossover takes into account the geometrical proximity of VoronoY sites (see [lo, 141 for a detailed discussion of those operators); and the mutation operators are standard Gaussian mutations for real-valued evolutionary algorithms coming from Evolution Strategies The crossover operators exchange Voronoi' sites on a geometrical basis, as illustrated by Figure 3 . Moreover, this mechanism easily extends to any dimension [8] .
A first mutation operator performs a Gaussian mutation on the coordinates and/or on the velocities of the sites. As in Evolution Strategies, the standard deviation of that Gaussian mutation is adaptive, using Rechenberg's 1/5th rule [la], or self-adapted, as proposed by Schwefel [16] .
Variable-length representations require mutation operators performing random addition and destruction of some sites.
Experiments and results
The fitness function
The fitness of a tentative solution -a velocity model represented by a list of Voronoi' sites -is obtained by a comparison between some reference seismograms and seismograms obtained under the same experimental conditions but using the underground velocity model at hand. Hence the computation of the fitness goes through a numerical simulation of the wave equation in the -finite -underground domain. A finite difference method has been used, together with artificial absorbing boundary conditions on the underground boundaries to simulate an infinite domain. All technical details about the numerical method can be found in (61.
For these preliminary experiments, the "experimental" seismograms were actually computed using the same numerical simulation on a known velocity model: though using thereafter real-world data can show significant differences in the behavior of the algorithm, such "cheating" allows better understanding of the behavior of the algorithm.
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First results
For the two-layer model, all runs but one gave an almost perfect result: perfect localization of the interface between both layers and velocities within 5 m/s from the actual values. Moreover, they all had only 2 Voronoi sites, even though no parsimony factor was added to prevent too many sites to appear. On the other hand, the unsuccessful run ended up very far from the target, with 24 Voronoi' sites.
For the corner model, only 3 runs found a best model with exact localization of the corner, and velocities within 10 m/s of the actual values. However, all runs found almost the right value for the velocity of the first 200m in depth. Moreover, 5 runs show something like an "extended" corner with high velocity, and all runs give fairly good results compared to the worst run of the layered model. The number of VoronoY sites of the best solution of each run seems somehow related to its fitness: 2 of the best 3 runs have the optimal 3 sites while the other uses 5 sites.
The dome case is even more difficult: only one run identified almost exactly the dome-structure of the model (see Figure 5 ), using 6 Voronoi' sites. The worst of the 10 runs is also shown in Figure 6 , as a matter of comparison: even some points close to the surface are not given an accurate velocity. Note that this worst result uses only 8 Voronoi' sites, while, for instance, the second best result has as many as 18 Voronoi' sites.
case considerably improved the result. 
Notice the range of the pressures in plots (b) and (c), compared to that of plot (a).
But the most puzzling issue arose when comparing the seismograms of both the exact model with those obtained by both the best and the worst results of the 10 runs. Figure 6 shows the "experimental" seismograms, together with the differences plots. Please note the scale of these plots: whereas the values of the seismograms range from -400 to 200, the differences do not go above 3 in the worst case! This seems to indicate that the inverse problem, at least with such coarse discretization and artificial data, has many local quasi-optima.
Discussion and future work
These first results first justify the use of the nonparametric VoronoY representation: the resulting algorithm did indeed discover both the geometry of the underground and the associated velocities.
The main limitation remains the computing cost of this method: Ongoing work is concerned with finer discretizations of the underground domain during the computation of the fitness, in order t o achieve better accuracy (and to hopefully reduce the number of quasi-optimal different solutions for a given set of seismograms). But a more powerful computer (e.g. a parallel super-computer) will have to be used.
Of course another mandatory further work is to use real experimental data rather than the above "cheated" artificially generated data.
One interesting remark about the above results is that the best results have been obtained using a rather high mutation rate (0.3). It might be that the velocities in the real-valued Voronoi' representation can only be adjusted by the corresponding mutation operator.
This draws a very different picture than, for instance, in the parametric real-valued evolutionary algorithms, where the crossover (e.g. the arithmetic crossover in real-valued GA, or the intermediate crossover in ES) also contribute to the precise adjustment of the real coefficients. It might be useful to design another crossover operator that would actually merge also the velocity values of two Voronoi' diagrams.
The presented representation is the first actual extension to the real valued case of the boolean Voronoi' representation already successful in Structural Mechanics [13, 151. In that line, another representation for boolean partition of a given domain is also under investigation, based on variable length list of rectangles, each adding a component to the velocity of the points it covers. But having more than one possible representation for the same problem raises the question of the a priori choice of a representation for a given instance of problem: Another line of research deals with the study and comparison of problem difficulties [9] .
Conclusion
This paper has introduced an original approach to the problem of identification of the velocity of underground regions from seismograms, based on the representation of the underground model by Voronoi' diagrams.
From the geophysical point of view, this approach does not make any strong a priori hypothesis on the geometry of underground model (e.g. "it is composed of 3 homogeneous layers') : the Voronoi' representa-ecewise constant velocity s like the corner model, or can indeed be identified erms of velocity values. ocity identification from seisdifferent quasi-optimal solulayout of the underground leades. More experimental results ngs from two explosions), finer strated that ar discretizations that will be adjusted by the alh new instance of problem.
